We investigate the possible collider signatures of a new Higgs in simple extensions of the Standard Model where baryon number is a local symmetry spontaneously broken at the low scale. We refer to this new Higgs as "Baryonic Higgs". This Higgs has peculiar properties since it can decay into all Standard Model particles, the leptophobic gauge boson, and the vector-like quarks present in these theories to ensure anomaly cancellation. We investigate in detail the constraints from the γγ, Zγ, ZZ, and W W searches at the Large Hadron Collider, needed to find a lower bound on the scale at which baryon number is spontaneously broken.
I. INTRODUCTION
The discovery of the Standard Model (SM) spin-zero boson, the Brout-Englert-Higgs boson, at the Large Hadron Collider (LHC) was crucial to establish the mechanism of electroweak symmetry breaking. Thanks to this great discovery, we know that the electroweak symmetry, SU (2) L ⊗U (1) Y , is broken spontaneously and all masses for the elementary particles are proportional to only one symmetry breaking scale, v 0 = 246 GeV. Now, the primary goal of the LHC experiments is to look for new physics which could give rise to exotic signatures. There are many appealing extensions of the Standard Model and most of them contain a new Higgs sector which can give rise to new signatures at collider experiments. See for example Ref. [1] for the review of the Higgs sector of some extensions of the Standard Model.
In this article we investigate the properties of the new physical Higgs in extensions of the Standard Model where the global baryon number of the Standard Model is promoted to a local symmetry. The idea of having baryon number as a local symmetry was mentioned in Refs. [2, 3] ; see also Refs. [4] [5] [6] for some theoretical considerations. Recently, this idea has been investigated in detail and a class of realistic theories has been proposed [7] [8] [9] [10] [11] . A simple UV completion of these theories has been proposed in Ref. [12] , see also Ref. [13] . These theories have the following features:
• In this context one can understand the spontaneous breaking of the local baryon number at the low scale.
• Some of these theories predict that the proton is stable or very long-lived. Then, one can think about the possibility to have unification of gauge interactions at the low scale.
• These theories predict the existence of vector-like quarks which cancel all baryonic anomalies.
• A leptophobic gauge boson is always present in these theories.
• Some of these theories predict the existence of a dark matter candidate and one can make a connection between the baryon and dark matter asymmetries.
See Refs. [14] [15] [16] [17] [18] [19] [20] for the study of some phenomenological and cosmological aspects of these theories.
In this article we investigate the possible signatures at the LHC from the decays of the new Higgs in these theories. We structure our discussion as follows. In Section II we present general features of these theories and discuss the scalar sector in detail. In Section III we discuss production and decay of the baryonic Higgs and show that non-trivial constraints are coming from γγ, Zγ, ZZ, and W W searches. We find scenarios in which striking signatures at the LHC are expected since the baryonic Higgs branching ratio into two photons can be large compared to the branching ratio of the SM Higgs into two photons. To complete the discussion, we also study the properties of the leptophobic gauge boson. Our results motivate the search for these signatures at the LHC which are crucial to test these theories. We summarize our results in Section IV.
II. SIMPLE THEORIES FOR BARYON NUMBER A. Theoretical Framework
It is well known that in the Standard Model baryon number is an accidental global symmetry which is only conserved at the classical level and broken at the quantum level by the SU (2)-instantons. One can think about defining a simple extension of the Standard Model where baryon number is a local symmetry [3, 5, 6 ]. In such a scenario one can study the spontaneous breaking of baryon number and investigate the possible implications for particle physics and cosmology.
Realistic versions of these theories have been proposed [7] [8] [9] [10] [11] and various phenomenological aspects have been studied [14] [15] [16] [17] [18] [19] [20] . These theories are based on the gauge group
Recently, a simple UV completion of these theories has been proposed in Ref. [12] . In this context one always predicts the existence of vector-like quarks to define an anomaly-free theory.
Using this result as a motivation we will investigate theories for baryon number where the baryonic anomalies are cancelled via the introduction of vector-like quarks with particular baryon numbers that can differ from the baryon number of the SM quarks.
In Table I we list the quantum numbers of the SM particles and the new vector-like quarks introduced to cancel the anomalies. All relevant anomalies are cancelled if one requires [8, 15 ]
for the baryon numbers and
for the hypercharges of the vector-like quarks. Here, n f is the number of copies of the new vectorlike quarks. We will assume n f = 3 in the remainder of this article since in UV completions of these theories, such as the one proposed in Ref. [12] , one needs three copies of vector-like quarks. 
There are many possible solutions to Eq. • Scenario II:
• Scenario III:
The vector-like quarks must be heavy to be in agreement with experimental bounds and their masses are generated after spontaneous breaking of baryon number. The relevant interactions are
where S B is the new Higgs boson responsible for the breaking of baryon number, see Table I Let us now list some of the main predictions of these models:
• One predicts the existence of a leptophobic gauge boson Z B , and the local baryon number can be broken at the low scale in agreement with all experimental constraints.
• Since we stick to the case n f = 3, the baryon number of the baryonic Higgs S B is fixed to 1/3, and one will generate dimension-9 operators for proton decay such as
For c 9 ∼ 1 and the vev of S B around a TeV, one needs Λ > 10 4 TeV to satisfy the proton decay bounds. Therefore, proton decay is suppressed even if the cutoff of the theory is not very large.
• In the minimal version of these models the lightest new quark could be stable and can give rise to very exotic signatures at the LHC. The vector-like quarks are produced in pairs through QCD processes and could hadronize forming exotic neutral and charged bound states. These bound states can give rise to very exotic signatures in the electromagnetic and hadronic calorimeters. In order to avoid all cosmological constraints one can assume that the reheating temperature is much smaller than the mass of the lightest new vector-like quark. See for example Ref. [22] for a review on the cosmological bounds for long-lived charged fields. We will investigate these signatures in a future publication but let us discuss this issue in more details. One can imagine several scenarios for the new quarks:
-If the new quarks have the same hypercharge as the SM quarks and B 1 or B 2 is equal to 1/3, the new quarks can mix with the SM quarks and decay due to a bare mass term in the Lagrangian.
-When the new heavy quarks have different hypercharges and baryon numbers from the SM values they do not mix with the SM quarks and can form bound states between themselves. In this case the lightest bounded state is a neutral heavy pion which also decays into two photons. The stable heavy baryons are not abundant as their mass exceeds the rehearing temperature.
-If one of the new heavy quarks has SM hypercharge and the interaction between the heavy quark, SM quark and the new Higgs S B is allowed after symmetry breaking the heavy quarks will mix with the SM quarks and decay. For example the term Q R q L S B is allowed if B 2 = 2/3 and Y 1 = 1/6.
-One can also imagine the case proposed in Ref. [8] where one adds a new Higgs X ∼ (1, 1, 0, 1/3− B 2 ) which does not acquire the vacuum expectation value. In this case the X field is a cold dark matter candidate and the new quarks decay into the SM quarks and dark matter. See Ref. [8] for the details.
B. Scalar Sector
In this theory one has two Higgs fields, the SM Higgs H and the baryonic Higgs S B breaking local baryon number U (1) B . Therefore, the scalar potential is given by
. (6) In the unitary gauge we can write the SM Higgs multiplet as
and the new spin-zero boson as
where v 0 = 246 GeV is the vacuum expectation value (vev) of the SM Higgs and v B is the baryonic symmetry breaking scale. A B is unphysical and will be eaten by the Z B . After symmetry breaking, there is mixing between the SM Higgs and the baryonic Higgs, and the mixing angle is given by
The physical Higgs fields can be defined as
The masses of h 1 and h B are given by
Here h 1 is the mostly SM-like Higgs state with mass M h 1 = 125 GeV. The expressions for the masses given in Eqs. (12) and (13) 
See the appendix of Ref. [23] for a similar discussion. Then, in the scalar sector the model has only two free parameters,
Note that the vev v B is related to the mass of the leptophobic gauge boson, which is given by
where g B is the gauge coupling of U (1) B .
The mixing angle between the SM Higgs and the baryonic Higgs is constrained by the SM Higgs signal strength, whose current value is given by [24] µ = 1.09 ± 0.11.
At 95% CL, this leads to a bound of
Knowing the features of the model we are ready to investigate the phenomenological properties of the Higgs sector in the next section. 
III. BARYONIC HIGGS AND LEPTOPHOBIC GAUGE BOSON A. Higgs Decays
The new Higgs h B can decay into all particles present in the model, i.e.
where i = 1, 2, 3 and k = 1, . . . , 6. The properties of the decays depend in a significant way on the mixing angle between the SM Higgs and the new Higgs. In Figure 1 we show the branching ratios of the baryonic Higgs into SM fields as a function of the Higgs mixing angle in the three scenarios. We use M h B = 1 TeV for illustration purposes. For large mixing angles close to the upper bound, the tree-level decays via mixing with the SM Higgs dominate, while for small mixing angles the loop-induced decays take over. In addition to the decay channels shown, tree-level decays into the leptophobic gauge boson are possible if the new Higgs is heavy enough. Depending on the mass hierarchy, it can also decay to some or all of the new quarks.
For Figure 1 we have assumed that the new quarks are heavy so that these decays are not allowed.
One can appreciate that for θ B < 0.02 one has a large branching ratio into two gluons, while for θ B > 0.02 the decays into W W dominate.
For a negligible mixing angle between the SM Higgs and the baryonic Higgs, the branching ratios of the baryonic Higgs are shown in Figure 2 for the three scenarios and all possible decay modes.
One can see that in all scenarios the decays into gluons dominate in the range where the decays into vector-like quarks are not allowed, and for M h B > 2m Q the decays in two vector-like quarks are dominant. For simplicity we assume throughout the article that all new vector-like quarks have the same mass m Q . Notice that in the second and third scenario the decays into two photons can have a large branching ratio, much larger than BR(h 1 → γγ) in the SM. Also the branching ratio BR(h B → Zγ) is large in scenarios II and III. These results are crucial to understand the constraints from the different search channels that we will discuss later.
B. Baryonic Higgs Production Mechanisms at the LHC
The new Higgs h B can be produced through different mechanisms. We focus on the production channels which do not rely on a large mixing angle and can be used to test these models in a generic way. The h B can be produced through gluon fusion, gg → h B , through vector-boson fusion via the Z B ,→ qqh B , and one can have the associated production of h B and the leptophobic gauge
The associated production with two new quarks is also possible. Since the masses of the vector-like quarks are generated once S B acquires a vev, the couplings between h B and the new quarks are typically large. Therefore, one can produce h B through gluon fusion where the vector-like quarks are running in the loop and this is the dominant production mechanism at the LHC. The production cross section for this channel is given by
Here, C gg is the gluonic PDF contribution, and we use the MSTW2008NLO PDFs [25] in the remainder of this article, and s is the center-of-mass energy squared. As we have discussed above, the branching ratio into two gauge bosons can be large. In particular, in scenarios II and III we expect a large number of events with two photons in the final state.
C. Experimental Constraints and Signatures
The cross section for the new Higgs being produced through gluon fusion and decaying into two SM gauge bosons V is given by Figure 3 . Constraints on the branching ratios of h B into two photons [26, 27] , Zγ [28, 29] , ZZ [30] , and W W [31] for different choices of the ratio between mass and vev of the baryonic Higgs field. In the plots
where n f = 3 is the number of generations of vector-like quarks. This expression is general for the case that the new vector-like quark generation lives in the fundamental representation of SU (3) C and is heavy compared to the baryonic Higgs. We can use Eq. (21) to place a limit on the branching ratio of the new Higgs into two gauge bosons using the current LHC results from diboson searches.
In Figure 3 we show the upper limits on the branching ratios for the γγ [26, 27] , Zγ [28, 29] , Let us now discuss the different channels, starting with the di-photon searches. Assuming that
LHC γγ searches the vector-like quarks are heavier than the baryonic Higgs, it is a good approximation to write (for one fermion)
for the decay width into two photons. Here, Q is the electric charge of a vector-like quark running in the loop. In the left panel of Figure 4 , we show the most current limits on the production of a resonance and decay into two photons from ATLAS [26] and CMS [27] . We also show the predicted cross sections in the three scenarios for a particular choice of parameters in the left panel. Note that the cross sections are largest for the case of negligible mixing angle and are considerably lower for a mixing angle close to the upper allowed value, θ B = 0.3. Therefore, we translate the experimental bounds on the cross section into bounds on the vev only for θ B = 0. The lower bounds on v B are strong in the region where M h B < v B and become weak only in the unphysical region where
To show the transition between these two regimes, we shade M h B > v B in gray in the plots. As one can appreciate these bounds are highly non-trivial, notice that the least constrained scenario is scenario I where the hypercharge of the new quarks are the same as the hypercharges of the SM quarks. In scenarios II and III the bounds are very strong and the symmetry breaking scale v B has to be well above the electroweak scale.
Other potentially relevant search channels are Zγ [28, 29] , ZZ [30] , and W W [31] . Dijet searches turn out to be less constraining and will only be used for constraints on the leptophobic gauge boson
LHC Zγ searches 
[pb]
LHC ZZ searches in the next section. In Figures 5, 6 , and 7 we show the bounds from the Zγ, ZZ and W W channels, respectively. As for the γγ channel, we shade the region where M h B > v B in gray. Notice that the bounds from W W and ZZ become relevant for large mixing angles, where γγ and Zγ are heavily suppressed. Since the tree-level decays to W W and ZZ dominantly proceed via mixing with the
LHC W W searches SM Higgs in the case of a large mixing angle, the cross sections and experimental bounds for the three scenarios coincide for θ B = 0.3
The result of the above discussion taking into account all current experimental bounds is that the symmetry breaking scale is highly constrained in most of the parameter space. For small mixing angle the most relevant bounds are from γγ searches and for large mixing angle the most relevant bounds are from ZZ and W W searches.
D. Leptophobic Gauge Boson
These theories predict the existence of a leptophobic gauge boson. The most stringent constraints on this new gauge boson come from dijet searches. In Ref. [32] , dijet constraints were tabulated in a model-independent way and we use these to constrain the leptophobic gauge boson, together with more recent experimental results [33] [34] [35] . In this section we neglect kinetic mixing between U (1) B and U (1) Y . For a detailed discussion of kinetic mixing in these models see Ref. [17] .
In the left panel of Figure 8 we show the constraints in the M Z B -g B plane. These bounds assume that there are only decays into the SM quarks. If other decay channels are open, the bounds will be weaker. As we can see, the leptophobic gauge boson can be light when the gauge coupling g B is below 0.2. In the right panel of Figure 8 the gauge coupling limit is translated into a limit on the symmetry breaking scale. In combination with the need for a perturbative gauge coupling, v B In order to understand the properties of the leptophobic gauge boson in these models we show in Figure 9 the branching ratios and the total width. As one can appreciate the dominant decay channel is the decay into quarks when the decays into the vector-like quarks are not allowed kinematically.
Once the decays into vector-like quarks are allowed they dominate since they have larger baryon number. Here we assume B 1 = 1 and B 2 = 4/3 for illustration. It is interesting to see that the total decay width is quite large for any gauge coupling g B . The discovery of this leptophobic gauge boson is crucial for the testability of these theories.
IV. SUMMARY
We The baryonic Higgs h B can decay into all the SM particles, the leptophobic gauge boson and into the vector-like quarks, giving rise to peculiar signatures at the LHC. We have investigated the constraints from γγ, Zγ, ZZ, and W W searches at the LHC. We find scenarios where the branching ratio into two photons can be large and one can have very striking signatures at the LHC. We also studied the properties of the leptophobic gauge boson present in these theories. We have shown that di-boson searches for the decays of the baryonic Higgs and di-jet searches for the leptophobic gauge boson are highly complementary and efficiently explore the parameter space of these theories.
We find a lower bound one the symmetry breaking scale using the constraints from the di-photon searches. The signatures studied in the article are crucial to understand the testability of these theories at the LHC.
